The corrosion behavior of mild steel (MS) in HCl solution containing various concentrations of electropolymerized P(p-phenylenediamine), P(pPD), has been investigated using weight loss and potentiodynamic polarization techniques. The data obtained from the two techniques are comparable and showed that the presence of P(pPD) in the acid solutions suppresses the corrosion rate of MS indicating that these polymers act as corrosion inhibitors (predominantly as anodic inhibitors). The inhibition efficiency (IE%) of the polymer enhances with increasing their concentrations and decrease with an increase in temperature. The inhibition occurs through adsorption and formation of barrier film on the metal surface which separates the metal from direct contact with the corrosive medium and hence protects the metal against the corrosion. The adsorption followed the Langmuir isotherm. The thermodynamic functions of the adsorption and dissolution processes were evaluated.
Introduction
The uniform corrosion is the main problem in using mild steel (MS) in acidic solution. To protect MS from acidic environment corrosion inhibitors or coatings are used. The most effective factors for the inhibiting effects of organic polymers are: the electronegative atoms (such as, N, S, P, O, etc.), the unsaturated bonds (such as, double bonds or triple bonds, etc.), the plane conjugated systems including all kinds of aromatic cycles, molecular area and molecular weight of the inhibitor molecule [2] [3] [4] [5] [6] [7] [8] [9] [10] .
According to the type of inhibitor species (anodic or cathodic) and the nature of metal or alloy, adsorption may be chemical or physical adsorption. In many cases, the efficiency of an organic compound as an inhibitor is due to its adsorption on the metal surface forming a barrier layer which separates the metal from the corrosive media [10] . Some phenylenediamines are used as corrosion inhibitors of MS; pphenylenediamine, pPD, as a monomer was found to be less effective compared with other isomers o-or/and m-phenylenediamine [11] . Also, poly phenylenediamines are used; P(oPD) with concentration 15 ppm gives inhibition efficiency (IE%) of 95% [12] , P(pPD) with concentration 50 ppm gives inhibition efficiency (IE%) of 73% [13] and P(mPD) after 168 H give 80% efficiency [14] . In this paper we report the inhibitive action of an electro synthetic p(pPD) on corrosion of mild steel in HCl solutions. The inhibition has been evaluated by weight loss and potentiodynamic polarization measurements. It is also the purpose of this work to test the experimental data obtained from the two techniques with Langmuir isotherm at different temperatures, in order to determine the thermodynamic functions for the adsorption process.
Experimental Chemicals P(pPD) was obtained by the electropolymerized of reagent grade pphenylenediamine ( Merck-Darmstadt, Germany) in aqueous acidic HCl (Riedel-de-Haën, Germany) by cyclic voltammetry technique [12] . Characterization is done by using FTIR-spectroscopy, UV spectroscopy, TGA and element analysis. The proposed structure of this polymer using these tools is represented in Scheme (1). DMF were provided by El-Naser Pharmaceutical Chemical Company (Egypt).
Scheme 1. Structure of P(pPD).

Methodology
For the weight loss measurements, rectangular specimens of mild steel (MS) (wt. %: 98.5% Fe, 0.33% C, 0.24% Si, 0.52% Mn, 0.04% Cr and 0.02% S) of size 3 cm x 4 cm x 0.2 cm were used. The working electrode was polished mechanically with silicon carbide (SiC) belts, 200 to 600 grit (Buehler, Ltd.), and 1 µm α-alumina (Buehler, Ltd.), washed with distilled water, then with acetone, and finally with double distilled water and dried. The weight loss, expressed in mgcm -2 , was determined by weighing the cleaned samples before and after immersion in HCl solution for 1 h. Weight loss was determined in the absence or presence of various concentrations of P(pPD), which was prepared previously in the same manner as [12] .
The UV-vis.-spectrum for P(pPD) (at room temperature in the range 200-900 nm using dimethylformamide as a solvent and reference) consists of the following absorption peaks: λmax = 290 and 263 for π-π* transition; λmax = 312 nm for polaron-π* transition and; λmax = 440 nm for π-polaron transition. The IR-spectra, show the following bands: Potentiodynamic polarization measurements were performed using the Potentiostat / Galvanostat Wenking PGS 95 connected with PC computer. The working electrode is a MS specimen in the form of rod. The rod was weld from one side to a copper wire used for electrical connection. The rod was embedded in a glass tube and epoxy resin was used to stick the sample to the glass tube. This also ensured that a constant cross-section area of 2 cm 2 would be exposed to the solution through the experiments. The exposed area was ground by different emery papers in the normal way as described above, washed with distilled water, then with acetone, and again with distilled water, just before insertion in the cell. All the potentials were measured relative to the saturated calomel electrode (SCE). The i-E curves were recorded by computer software (Model ECT). For each run, a freshly prepared solution as well as a cleaned set of electrodes was used. Each run was conducted at constant temperature ±1 o C with using a circular water thermostat. P(pPD) [12] has the structure shown in scheme (1).~
Results and discussion
Weight loss and polarization measurements
The inhibition (protection) efficiency, IE%, of P(pPD) was calculated for MS sample in the acid solutions in the presence of different concentrations of P(pPD) at 303 K using equation [13] :
where, W o and W are the weight loss of MS sample in the absence and presence of P(pPD), respectively. The relation between IE% and the logarithm of the concentration of the inhibitor in the three acid solutions at 303 K is shown in Fig.  (1) . From the figure, The P(pPD) species seems to function as inhibitor by being adsorbed on the metal surface from the corroding medium. To verify the nature of adsorption and the effect of temperature on the corrosion behaviour of MS sample in 1 M HCl with and without different concentrations of P(pPD) inhibitor, weight loss studies were undertaken. The selected temperatures tested were 298, 303 and 308 K. The inhibition efficiency, IE%, under the prevailing conditions was calculated using equation (1) and the dependence of the IE% on the logarithm of the inhibitor concentration of P(pPD) at the three tested temperatures was shown in Fig. (2) . (2), one can conclude that the inhibition efficiency decrease with increasing the temperature. This can be due to the decrease in the strength of adsorption process at higher temperatures, suggesting that physical adsorption may be the type of adsorption of P(pPD) compound on MS sample surface. At a given temperature and inhibitor concentration, the inhibition efficiency decreases with increasing HCl concentration. In order to get more information concerning the type of inhibitor, the nature of inhibition and the influence of the inhibitor on the kinetics of the partial cathodic and anodic reactions, potentiodynamic polarization curves have been conducted. This was achieved by investigating the inhibitor concentration and solution temperature dependences of the corrosion current density (i corr ) and on the corrosion potential (Ecorr), obtained using the Tafel extrapolation method. Fig. (3) , (4) and (5) represent the influence of P(pPD) concentration on the potentiodynamic cathodic and anodic polarization curves for MS electrode in 1.0 M HCl at scan rate of 10 mVs -1 and at 298, 303 and 308 K, respectively. The data clearly show that the addition of P(pPD) enhances both the anodic and cathodic overpotentials (but mainly the anodic) and decreases the corrosion current density. These results confirm the suggestion that P(pPD) functions as inhibitor for the acid corrosion of MS electrode. This inhibitor is classified mainly as anodic inhibitor. In all cases, the polarization curves exhibited Tafel type behavior around the corrosion potential, Ecorr, the electrochemical kinetic parameters associated the polarization curves (i corr , E corr , β c and β a ) for MS in 1.0M HCl in the absence and presence of various concentrations of P(pPD) and at different temperatures have been simultaneously determined (in the potential rang ±50 mV from E corr ) and are given in Tables (1) , (2) and (3). Since the corrosion rate (CR) is directly related to the corrosion current density [14] , the inhibition efficiency, IE%, at different inhibitor concentrations and solution temperatures was calculated from equation [15] :
where, i o corr and i corr are the corrosion current density for uninhibited and inhibited solutions, respectively. The calculated values of IE% are given in Tables (1) , (2) and (3). The relation between IE% versus log P(pPD) concentration at the three tested temperature is shown in Fig. (6) . According to these data, it is observed that the inhibition efficiency of P(pPD) increases with increasing its concentration but decreases with temperature. It is clear that the weight loss and potentiodynamic polarization techniques gave the same trends of inhibition of P(pPD) and produced nearly the same values of IE%. 
Thermodynamic Activation Functions of the Corrosion Process
More information concerning the adsorption mechanism can be gained by the thermodynamic function for the MS corrosion in HCl solution with and without different concentrations of P(pPD). These functions were obtained by applying the Arrhenius equation [16] :
where, E o a is the apparent activation energy, A is the pre-exponential factor, T is the temperature and R is the ideal gas constant. An alternative form of Arrhenius equation, [16] , is the transition state (Eyring) equation [16] :
where, h is the Planck's constant, N is the Avogadro's number, ∆S o and ∆H o are respectively the entropy and the enthalpy of activation. 
Adsorption Isotherms and Thermodynamic Functions of Adsorption Process
Langmuir isotherm has been tested with the experimental data obtained from both weight loss and polarization measurements for MS electrode in 1.0 M HCl in the presence of different concentrations of P(pPD) and temperatures. In all cases, it is observed that the linear regression between C inh / θ and C inh , calculated by the computer, and the slope and the linear correlation coefficient (r 2 ) are close to unity, as shown in Fig. (9) and (10), respectively; the correlation coefficient r 2 is higher than 0.99 [20] , reflecting adsorption of P(pPD) species on the electrode surface and applicability of Langmuir isotherm model (c.f. Table (5)). The adsorption isotherm relationship of Langmuir is represented using the following equation [21] :
where, K ads is the adsorption-desorption equilibrium constant. However, the relation between of (θ /1-θ) against C inh gave straight lines, as shown in Fig. (11) and (12). These results show that the fitting of corrosion data is in agreement with Langmuir's isotherm [21] and confirm the assumption that the action of the inhibitor is due to its adsorption at the metal/solution interface. The equilibrium adsorption constant, K ads , for the adsorption of the inhibitor at MS electrode surface at T=298, 303 and 308 K were obtained from the slopes of these straight lines. The free energies of the inhibitor adsorption, ∆G The integrated version of the Van Hoff equation [22] is:
The calculated values of K ads using data obtained from weight loss and polarization measurements are given in Tables (6) and (7) for P(pPD) adsorption on metal surface were calculated using equations (7) and (8), respectively, since plotting lnK ads against 1/T gave straight lines, as shown in Fig. (13) . Tables (6) and (7), respectively. It seems that the thermodynamic functions of the adsorption process obtained from the two methods are parallel and in a good agreement. The calculated values of ∆G o ads are low and negative, suggesting that the nature of this inhibitor adsorption is mainly physisorption and spontaneous [22] [23] [24] [25] . It is usually accepted that the value of ∆G o ads around -20 kJ mol -1 or lower indicates the electrostatic interaction between charged metal surface and charged organic inhibitor in the bulk of the solution [26] , while those around -40 kJ mol -1 or higher involve charge sharing transfer between the metal surface and the organic inhibitor [27] .
The negative values of ∆H o ads indicate that the adsorption is an exothermic process [18] . The magnitude of the values of ∆H o ads and ∆S o ads is characteristic of the occurrence of replacement process during adsorption [28, 29] .
Conclusion
The tested P(p-PD) compound inhibits the corrosion of mild steel in HCl media. The addition of P(p-PD) does not change the mechanism of either mild steel dissolution or hydrogen evolution reaction. P(p-PD acts as a mixed type inhibitor, but predominantly as an anodic one. The inhibition efficiency value increases with the inhibitor concentration and decreases by increasing acid concentration and temperature. The corrosion inhibition of P(p-PD can be interpreted by a simple blocked fraction of the electrode surface related to the adsorption of the inhibitor species, according to a Langmuir isotherm on the MS and mainly the adsorption process is spontaneous and exothermic physisorption. The results obtained from polarization curves and the weight loss data are in reasonably good agreement.
